The electrochemical vapor deposition (EVD) method is a very promising technique for making gas-tight dense solid electrolyte films on porous substrates, In this paper, theoretical and experimental studies on the kinetics of the deposition of dense yttria-stabilized zirconia films on porous ceramic substrates by the EVD method are presented, The more systematic theoretical analysis is based on a mode] which takes into account pore diffusion, bulk electrochemical transport, and surface charge-transfer reactions in the film growing process. The experimental work is focused on examining the effects of the oxygen partial pressure and substrate pore dimension on the EVD film growth rates. In accordance with the theoretical prediction, the pressure of oxygen source reactant (e,g., water vapor), the partial pressure of oxygen and substrate pore dimension are very important in affecting the rate-limiting step and film growth rate of the EVD process. In the present experimental conditions (e.g., low pressure of oxygen source reactant and small substrate pore-size/thickness ratio), the diffusion of the oxygen source reactant in the substrate pore is found to be the rate-limiting step for the EVD process, Solid oxide fuel cells (SOFC) are very attractive potential energy conversion systems due to their many advantages over the conventional energy conversion systems. The efficiency of the SOFC, which is theoretically much higher than other fuel combustion-based energy conversion systems, depends on the ionic resistance of the solid oxide electrolyte and electrode materials. It is generally known that reducing the thickness of the solid oxide electrolyte layer can effectively increase the SOFC efficiency (1). Among the several techniques available for making the electrolyte layers, electrochemical vapor deposition has been demonstrated to be a very promising technique for making thin electrolyte layers (films) on porous substrates (2-4). The yttria-stabilized zirconia (YSZ) films of 10-50 ~tm thick were deposited on porous alumina substrates by the EVD teehique (2-6). The integration of a ceramic membrane top layer with a coarse porous substrate makes it possible to deposit much thinner (<2 ~m) layers. This kind of thin films also has potential applications in membrane separation processes due to their high selectivity in oxygen permeation,
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In the EVD process for growing solid oxide electrolyte films, a porous substrate (which serves as an electrode when the SOFC is made) separates a mixture of two metal chlorides and an oxygen source reactant (e.g., a mixture of water and hydrogen, pure water or air). Initially the two reactants interdiffuse in the substrate pore and react to form the corresponding solid oxide product. The solid product under certain conditions (4, 7) can be deposited in the substrate pore near the end at th e metal chloride delivery side and finally plug the pore part exposed to the metal chloride vapor, After this step no further direct reaction between the two reactants occurs. If the deposited solid oxide is mixed conducting, the metal oxide film may grow on the substrate surface exposed to the metal chloride vapor by the Wagner scaling process (8) . In this process, oxygen is reduced at the oxygen/film interface. The oxygen ions transfer in the film and react with the metal chloride at the film/chloride interface to form the solid oxide, which is deposited to keep the EVD film growing.
As such an EVD process is rather difficult to be experimentally monitored, a theoretical study on its film growth kinetics is very important for understanding and controlling the process, In the current literature, very limited data were reported on the film growth kinetics of the EVD process. Carolan and Michaels (6) recently reported a theoretical analysis, with experimental results, on the film growth kinetics in the EVD process. Only the electrochemical transport in the metal oxide film was considered in the analysis. Thus, following almost the identical procedure as employed for deriving thickness-time relations for the Wagner scaling process (8, 9) , they found that the EVD film * Electrochemical Society Active Member.
3960 growth kinetics can be described by the conventional parabolic law (film thickness is proportional to the squared root of time). This is consistent with some kinetic data of film thickness vs. time for growing YSZ film on a porous alumina substrate (6) and tin-doped indium oxide film on a dense YSZ substrate (10) . Some other experimental work on depositing YSZ on porous substrates, however, shows that the deposited film thickness is a linear function of time (2) and the composition of the doped oxide (yttria content) in the film is uniform across the EVD film (11) . These results suggest that other mass-transfer step(s) may be the rate-limiting step. In addition, it is found that the experimentally determined film growth rates are much smaller than the predicted ones if electrochemical transport in the electrolyte film is the rate-limiting step, More investigation on the EVD film growth kinetics is therefore needed in order to gain a better insight of the EVD process. In this paper we present a more systematic theoretical analysis on the EVD film growth kinetics, evidenced by new experimental results of growing YSZ films on porous substrates. As suggested by the theoretical analysis, the present experimental study is focused on investigating the film growth kinetics by examining the effects of the oxygen partial pressure and substrafe pore dimension on the YSZ film growth rate.
Theoretical
Model development.-- Figure 1 shows a cross-sectional view of the porous substrate separating a mixture of YCI~ and ZrC14 vapor (in the chloride chamber) and a mixture of water/hydrogen (or air) (in the water chamber). As indicated in Fig. 1 , L and r are the thickness, and average pore radius of the substrate; H is the thickness of the deposited EVD film; P, and P~w) are the partial pressures of water vapor and oxygen in the water chamber; P~[ and P~) are the total partial pressure of the two chlorides and the partial pressure of oxygen in the chloride chamber.
In the EVD process, water vapor (or oxygen) first diffuses into the substrate pore and, at the water/film interface, is reduced to oxygen ions. The oxygen ions then migrate in the EVD film toward the metal chloride/film interface (electrons move in an opposite direction) and react with metal chloride to form the metal oxide at the film/chloride interface. The growth of the EVD film should be determined by four steps in series: (i) water vapor (or oxygen) diffusion in the substrate pore; (ii) oxygen reduction (charge transfer) reaction at the water/film interface; (i/i) bulk electrochemical transport of oxygen ions in the EVD film (counterbalanced by electron/hole migration); and (iv) Charge-transfer (oxidation} reaction for the formation of metal oxide at the film/chloride interface, as shown in Fig. 2 . As the fluxes considered in such a film growth process are generaUy very small, a quasi-steady-state and quasi-thermodynamic equilibrium can be assumed to simplify the modeling.
The water vapor flux rate in the diffusion step in the substrate pore can be described by the following equation for the steady-state diffusion in the axial direction of a cylindrical pore (12) Jl(,v) = (Dw/LRT)(Pw -Pwr [1] where J,(~) is the water molar flux, D~ is the effective diffusivity of water in the substrate pore, and P,~ is the water partial pressure at the inner end of substrate pore.
The quasi-equilibrium assumption for the water vapor dissociation reaction gives the relation Pw/P,(~)= [Po,~/ Po(~)] 1/2. Thus, the oxygen flux (1/2 O2) in the substrata pore can be found from Eq. [1] as
where Po(,) is the oxygen partial pressure at the inner end of the substrata pore. If oxygen or air is used as the oxygen source reactant, the flux for (1/2 02) should be in the same form as Eq. [1] J] = (2DJLRT)(Po~w~-P~D) [3] where Do is the effective diffusivity for oxygen (Oz) in the pore. At the water/film interface, the oxygen reduction (charge-transfer reaction) rate can be written as (13)
where a2 is the reduction rate constant and Pa2) ~s oxygen partial pressure in the EVD film at Z = 0.
The oxygen anion diffusion and migration in the EVD film from water/film interface to film/chloride interface, balanced by the electron flux transfering in the opposite direction, are similar to the electrochemical transport in the metal oxide scaling process (8, 9) . For a mixed conducting electrolyte, the following equation can be found for the oxygen anion flux (for 02-in mol/cm 2 9 s) at steady state (6, 8, 9) J3 = -(ticrJ8F2)V~o [5] where Vtto is the chemical potential gradient for oxygen in the EVD film; ti and ~e are the oxygen anion transfer number and electronic conductivity, respectively. As YSZ is an ionic conducting electrolyte material, tj ~ 1 and the electronic conductivity of YSZ depends on the oxygen partial pressure in the EVD film as (9, 14) ~e = a o[po]-,,4 + %O[Po],,, [6] where ~~ and %0 are the electron and hole conductivities at 1 atm of oxygen partial pressure. Assuming ideal gas law for oxygen at low pressure, Eq. [5] can be deduced to
Substituting Eq. [6] into Eq. [7] and integrating from 0 to H (with -/3 constant; quasi-steady-state assumption) yields
where Po~3) is the oxygen partial pressure in the EVD film atZ= H. It is also possible to derive the following rate equation for the oxidation reaction (step 4) at the film/chloride interface as J4 = cr4(Po~3)-Po(m)) [9] where ~4 is the oxidation rate constant. The growth rate of the EVD film can be simply found from the mass balance dH/dt = VmJ/2 [10] where J = J1 = J2 = J3 = J4 and Vm is the average molar volume of YSZ in the EVD film, assumed to be the same as the molar volume of ZrO2 (V~ = 20.7 mYmol). This differential equation, with initial condition of H = 0 at t = 0, can be solved together with the oxygen flux Eq. [2] (or [3] ), [4] , [8] , and [9] , to give the relation of H, as well as dH/dt, Por Por Po(~) as a function of time. This set of nonlinear algebraic and differential equations were readily solved with a recently proposed numerical method (15) . Rate-limiting step.---Observing the above given oxygen flux and film growth equations [Eq. [2] , [4] , [8] , and [9] ), it is found that the film growth rate is determined by the substrate pore structure (r, L), the diffusivity of oxygen source reactant in the substrate pore (Dw or Do), electrochemical transport properties (%o and a,~ charge-transfer reaction rate constants (a2 and ~4), and experimental conditions (controllable parameters Pw, Pc(w), and T). In principle, all these parameters except Pc(m) are known or available from experiments [e.g., oxygen permeation through YSZ pellets (14) (15) (16) (17) ]. The oxygen partial pressure in the metal chloride vapor, Pc(m), is the value equilibrated with the metal oxides and chlorides in the chloride chamber.
KINETICS
To examine the rate-limiting step in the EVD process, it is suggested that one may calculate the film growth rate for each step assuming it is rate-limiting. With this assumption, the total oxygen partial pressure drop (from Pc(w) to Pam)) is taken to occur across this rate-limiting step. Thus, the following four equations are used for this purpose:
1. The diffusion in the substrate pore (step 1) is rate limiting. For water as the oxygen source reactant
For O2 or air as oxygen source reactant
2. The oxygen reduction (step 2) is rate limiting
3. The bulk electrochemical transport in the EVD film (with a thickness of H = 1 pLm) (step 3) is rate limiting
4. The oxidation rate of the metal chloride (step 4) is rate limiting
If the growth rates estimated by these four equations are in the same order of magnitude, there should be no ratelimiting step. If the estimated growth rate for a certain step is much smaller than the others, this step is likely to be the rate-limiting step.
The application of these equations to examine the ratelimiting step of the EVD process will be demonstrated later. In the previous studies, the electrochemical transport in EVD film has been assumed to be the rate-limiting step. In this situation, integration of Eq. [14] gives the following H(t) relation, for the case when P~w) and Po(~ are very low so that the first term in Eq. [14b] is neglected [16] which is the same as the model equation developed by Carolan and Michaels [6] . In this situation, H(t) is parabolic. If another step is rate-limiting, a linear H(t) is expected.
The oxygen flux equations also suggest that the oxygen partial pressures, Pc(,) and Po(~), on both sides of the substrate are very important in determining the rate-limiting step and film growth rate. To show this, the film growth rates at different Pare) in each step are calculated using Eq. [14] , [13] , and [11] (or [12] ), for the following three cases of different oxygen source reactants (at a total pressure of about 10 3 atm and a temperature of 1000~ (i) air, Pc(w) = 10 -3 atm; (ii) pure water vapor, Pc(w) = 10 -9 atm; (iii) water vapor-hydrogen mixture, Pc(w) = 10 -'s atm. The simulation results are presented in Fig. 3-5 for the ratelimiting steps of the bulk electrochemical transport, the surface reaction, and the pore diffusion, respectively. The parameter values used for the simulation are obtained from the literature and listed in Table I . Figure 3 shows the effect of Pc(m) at three different Pc(w) on the film growth rate for the rate-limiting step of the bulk electrochemical transport. The growth rate increases with decreasing Pc(m) in the range of Po(~) being smaller than Pc(w). The growth rates become the same for all the three cases of different Pc(w) when Pc(m) is smaller than 10 -d~ atm. It is also interesting to note that for a higher Pc(w) it is possible to have the growth rate less changed in a larger range of Pc(m). For example, the growth rate decreases from 10 to 1 ~m/h with Pc(m) increasing from 10 -15 to 10 -4 atm (11 orders of magnitude) for the case of Pc(w) = 10 -a atm. However, for the case of Pc(w) = 10 -'s atm, the growth rate drops from 10 to 0 ~m/h with Pam) increasing from 10 -'7 to 10 -'5 atm (2 orders of magnitude). This suggests that a higher oxygen pressure in the water chamber will make it easy to obtain a constant film growth rate, regardless of the possibly large variation of oxygen pressure in the chloride chamber. When oxygen pressure in the chloride chamber is smaller than 10 -2~ atm, varying the oxygen pressure in the water chamber does not change the film growth rate.
The effects of oxygen pressures on the film growth rate for the rate-limiting step of surface reaction or pore diffusion are similar to each other, and also simpler than those for the bulk electrochemical transport as the rate-limiting step, as shown in Fig. 4 and 5. For different Pc(w), the film growth rate is in a constant maximum value when Pc(m) is 
For the pore diffusion as the rate-limiting step dH/dt[max = VmDwPw/2LRT (for water) [18] dH/dtlmax = VmDoPo(w]LRT (for air) [19] Equations [17] - [19] suggest that increasing the water vapor pressure (or oxygen pressure) in the water chamber raises the growth rate. For pore diffusion as the ratelimiting step, this m a x i m u m rate is also proportional to the substrate pore size/thickness ratio (r/L) since in the K n u d s e n diffusion regime (low pressure, high temperature, and small pore size) the effective diffusivity is directly related to the K n u d s e n diffusivity Dk (18) Dk = 0.97r(T/Mw) It2 [20] where Dk is in cm2/s, r is in ~m, and T in K. M w is the molecule weight of the diffusing gas. The m a x i m u m film growth rates are the same for the rate-limiting step of pore diffusion with pure water vapor or a water vapor-hydrogen mixture as the oxygen source reactant, despite the difference in Po(w~, as shown in Fig. 5 . However, the m a x i m u m rate decreases substantially with decreasing PoCw> for the rate-limiting step of the surface reaction. As discussed before and shown by Eq. [18] and [19] , the pore diffusion can become the rate-limiting step by decreasing the substrate pore size/thickness ratio and/or oxygen source reactant pressure in the water chamber which determines the m a x i m u m growth rate. The pore diffusion as the rate-limiting step should result in: (i) a linear film thickness-deposition time relationship; (ii) constant doped oxide concentration across the EVD film; and (iii) a constant m a x i m u m growth rate with a large variation of oxygen partial pressure in the metal chloride chamber (this makes it easy to operate the experiments).
part Fig. 6 . A porous substrate disk (2 m m thick; 12 mm diam) was cemented onto the end of the smallest alumina tube to separate the reactor into two chambers. A mixture of the chloride vapors was generated by sublimation of powdered YC13 and ZrCl4, which were placed inside the reactor. The partial pressures of the two chlorides were controlled by the sublimation bed temperatures and flow rates of the Ar carrier gas. The oxygen source reactant was introduced by passing H~ or air through a water sparger or using the dry air directly. The apparatus was automated so that all the experimental conditions could be well controlled.
In the EVD experiments, the reactor was first slowly heated (at a rate of about 100°C/h) to the desired temperature profile. The Ar streams were passed through the sublimation beds at given flow rates and the oxygen source reactant stream bypassed the reactor to the vacuum pump. When all the experimental conditions were stable, an EVD experiment was started by introducing the oxygen source reactant stream into the reactor. The initial period of the substrate pore narrowing and closure was monitored by an in situ permeation technique (5). After the pore was closed the experiment continued for an extended period of time in order for the EVD process of film growth to take place, and was terminated by stopping the oxygen source reactant stream. The reactor was then cooled down to room temperature, and the sample was removed from the tube for characterization. The film thickness was determined by scanning electron microscopy (SEM). A typical SEM photo for sample no. 23 is given in Fig 7 which clearly shows a dense top layer on the coarse substrate. The deposition of YSZ (with about 8 mole percent (m/o) Y~Os, determined by EDS) on the substrates was also confirmed with XRD.
The present experiments were focused on determining the growth rates of YSZ films with different oxygen partial pressures in the water chamber on two types of substrates with different pore dimensions. Investigating the effects of the reactant concentration (pressure) on the reaction rate is a common approach for the kinetic studies in the chemical reaction engineering. The substrate pore dimensions, experimental conditions, and determined results for the five typical cases of YSZ deposition are summarized in Table II . Other experimental conditions which are not listed in the table include: total pressure in the reactor, -10 -3 arm (2 mbar); reaction temperature, 1000°C; and chloride chamber oxygen partial pressure, Po(m)= 10 -23 atm [using the data reported in Ref. (2, 19) ]. The film growth rates determined in these studies are about 1.5 ~tm/h for the smaller pore substrate and 30 ~tm/h for the composite substrate. Growth rates of about 5 ~m/h were previously reported by other investigators (2, 4, 6) for growing YSZ on porous substrates. As the detailed experimental conditions were not reported in those studies, it is difficult to make a quantitative comparison between this work and the previously reported work.
Experimental Results and Discussion
Experimental results.--The EVD experiments were performed in a homemade CVD/EVD apparatus. The central Discussion.--Since the electrochemical properties of YSZ have been well studied (14, 16, 17) , it is possible to predict the film growth rate if Po~m~ is known when the electrochemical transport in the EVD film is the rate-limiting step. Thus, the predicted growth rate data are given in the first row in Table III for the five cases of YSZ deposition, which were calculated with Eq. [14] (for H = 1 ~tm) using the electronic conductivity data listed in Table I and the previously reported value of 10 -23 atm for Po~ (2, 19) . The predicted growth rates are much larger than the experimentally determined ones. This indicates that the bulk electrochemical transport may not be the rate-limiting step. Since one may argue that the larger predicted growth rate is due to the use of 10 -~3 atm for Po~, which may be smaller than the actual Po~ in the experiments, a more detailed discussion should be given on this point.
As mentioned earlier, Po~m~ is the oxygen partial pressure equilibrated with the following reaction at EVD film/chloride interface O2 (with Por + MC14 < = = > MO2(s) + 2Cl~(g) Estimation of Por from the thermodynamic equation for this reaction is complicated by the fact that P~ is not known for the EVD experimental processes (2-5) in which only Pmr in the metal Chloride vapor is controlled. Thus, the two unknowns (Po~m~ and P~1) cannot be solved from this single equilibrium relation. Another relation, which is determined by the EVD experimental processes (such as reactor shape, flow pattern, etc.), should be given. With a controlled Pmr the equilibrium relation for the above reaction shows that Po~m~ is proportional to [Pd] 2. A successful EVD experimental process should provide a very low Pd value in order to lower Pocks, so increasing the driving force for the film growth.
If the water is used as the oxygen source reactant, the overall reaction for the EVD process is as follows
which is generally thermodynamically unfavorable for the metal oxide formation [e.g., the standard AG ~ for the formation of ZrO2 by this reaction is about +220 kJ/mol at 1000~ (5)]. This means that at the standard condition Po~m~ is greater than Po~w~, indicating a negative driving force across the EVD film. The experimental results, however, do show the formation of ZrO~ (or YSZ) by this reaction. The reasonable explanation on this appeared-to-be contractive experimental evidence is that the extreme external conditions (most likely the very low P~l value, as mentioned earlier) are imposed on these experiments to shift the thermodynamic equilibrium. Thus, Po~m~ is a processdependent parameter. Po~m> or Pr therefore should be directly measured, for example, using an oxygen sensor. But the measurements of Po~m~ or Pd were found rather impractical due to the fact that the extremely reactive atmosphere in the reactor quickly consumes metallic electrodes, making it very difficult to find a reliable oxygen sensor device (6) . On the other hand, it was also difficult to sample a considerable amount of gas from the chloride chamber for chemical analysis because the chloride chamber was operated at high temperature and low pressure. Nevertheless, in the practical EVD process the consumption rate of the metal chloride due to the EVD film growth is generally much smaller (<0.1%) than the metal chloride sublimation rate in an EVD apparatus. This means that only a very small amount of chlorine is generated by the EVD reaction. As the EVD experiments are normally operated in a flowing system at low pressure with a relatively large carrier gas flow rate, the generated chlorine can be rapidly moved away from the chloride chamber, resulting in a rather low value of Pc~ in the chloride chamber. To ensure a positive driving force for the EVD process, it is suggested that oxygen or air (mixed with water for kinetic purposes, to be discussed next) be used as the oxygen source reactant so that Po~w~ can be increased substantially.
Although the actual value of Po~m~ was not determined in the present experiments, it is certain that Por is smaller than Pocw~ as evidenced by the formation of a YSZ film. In addition, Por should be the same for the five experimental runs due to the identical process conditions in the chloride chamber in the five experiments. If the rate-limiting step was the bulk electrochemical transport, the growth rate for cases 1 and 2 should be the same as that for case 5 (same Po~w~ and PoemS, but different in substrate pore dimension), and much different from that for cases 3 and 4 (same substrate pore dimension, but different Po~w~), in order to be consistent with the theoretical prediction (Eq. [14] ). The experimental results given in Table II , however, are not consistent with the theoretical prediction, suggesting that another step is rate limiting.
For the rate-limiting step of the surface reaction at the oxygen/film interface, the growth rates calculated by Eq. [13] using the data given in Tabel I for ~2 are listed in Data out of and within parenthesis are the growth rate predicted considering top layer only and both top layer and support, respectively. the second row in Table III . The predicted growth rates are much smaller than the experimental results. It should be pointed out that due to unavailability of the rate constant data (u2) for the surface reaction at the oxygen (or water)/ EVD film interface, the predicted growth rates were calculated using the available data of Dou et al. (13) for the surface reaction at the oxygen/Ca-stabilized zirconia interface. In most studies on oxygen permeation through YSZ, e.g., Ref. (14) , the surface reaction is assumed (without proof) to be much faster than the bulk diffusion. This is probably true when the YSZ pellets are relatively thick (about 1-2 ram) . The work of Dou et al. appeared to be the only study considering the surface reaction in the oxygen permeation through the stabilized zirconia pellets in which they pointed out that the surface reaction can be a rate-limiting step when CSZ thickness is less than about 0.2 ram. Therefore, the values of ~2 reported by Dou et al. (13) were used in the present calculation. The discrepancy between the predicted and experimentally measured film growth rates can probably be attributed to the inconsistency between the present EVD experimental conditions and the conditions on which a2 was measured (13) . For example, in the present EVD experiments, the presence of water in the oxygen source reactant may have some catalytic effects to increase the surface reaction rate. This is evidenced by the measured film growth rates of case 3 and case 4 in Table II . The film growth rate with moistened air is at least three times larger than that with dried air. Therefore it is suggested to add water to dried air (or pure oxygen) in order to raise the surface reaction rate. An experimental program has been started in this laboratory to investigate the surface reaction at the interface of oxygen (or water)/EVD-grown YSZ film and oxygen permeation through the very thin EVD-grown YSZ films. The preliminary results of the oxygen permeation study (20) suggest that the surface reaction step is not the rate-limiting step for the oxygen transport through the very thin EVD-grown YSZ films. This, in fact, is also supported by the present experimental results that YSZ film growth rate is essentially independent of the oxygen partial pressure Po(~) (compare case 2 and case 3 in Table II ). It is obvious from the theoretical analysis that film growth rate should be proportional to Po(~) ~2 if the surface reaction step was rate limiting.
Finally we assume that the oxygen (or water) diffusion in the substrate pores is the rate-limiting step. The predicted results calculated by Eq. [Ii] for water or by Eq. [12] for oxygen are listed in the third row in Table III . A remarkably good agreement is found between the predicted film growth rates and the experimentally determined ones for all five cases. This suggests that the pore diffusion may be the rate-limiting step for the EVD process in the present EVD experiments. Under present experimental conditions, the oxygen partial pressure has essentially no effects on the film growth rate. The pressure of the oxygen source reactant (e.g., water, or oxygen if the air is used) and substrate pore dimension determine the film growth rate.
Conclusions
New experimental results and a more systematic theoretical analysis were presented which improved the understanding of the kinetics of the EVD process for growing thin YSZ film on porous substrates. The experimental work was focused on the effects of the oxygen partial pressure and substrate pore size on the EVD film growth rates. The theoretical analysis, based on a model taking into account the pore diffusion, interface chargetransfer reaction, and bulk electrochemical transport, and the experimental results show that the pressure of the oxygen source reactant, oxygen partial pressure, and substrate pore dimension are important in affecting the ratelimiting step and the film growth rate.
The difference of effects of oxygen partial pressure on the film growth rate with different rate-limiting steps is theoretically investigated. The EVD film thickness-deposition time relation may vary from parabolic to linear, depending on which step is the rate-limiting step. The experimental results show that water vapor or oxygen diffusion is the rate-limiting step in the EVD process for depositing YSZ film under the present experimental conditions (i.e., low pressure of oxygen source reactant and small substrate pore size/thickness ratio). overall rate constant for the reduction chargetransfer reaction, mol/cm 2 -s. atm '~ ~4 overall rate constant for the oxidation charge transfer reaction, mol/cm 2 9 s 9 atm ~ electronic conductivity in the EVD film, ~-~ cm-' ~n ~ free-electron conductivity in the EVD film at 1 atm of oxygen partial pressure, ~2-~ cm-~ atm-l~4 ~po hole conductivity in the EVD film at 1 atm of oxygen partial pressure, ~-' cm-' atm ~4 ~o chemical potential of oxygen in EVD film, J/tool Divalent europium-activated barium magnesium silicate, also known as Sylvania Type 217 phosphor, was first developed by Barry (1). It is generally used in fluorescent lamps, for photocopy applications. Excitation of the phosphor using 254 nm radiation will result in an emission band at 398 nm whose width at half-height is 24 nm. Phosphor prepared using Barry's procedure generally has poor 100h lamp performance, with maintenance of about 50% and radiant output of approximately 3000 mW in the UV region.
Acknowledgments
Reprocessing of this phosphor by retiring and/or rewashing has resulted in a significant improvement in both lamp output and maintenance. An increase of up to 20% on Oh output is observed for a lamp made of phosphor subjected to this procedure. Improvement at 100h is even more significant. Lamp output is doubled when reprocessing is applied.
To understand the mechanism for this improvement, we have used electron spectroscopy for chemical analysis (ESCA) to characterize the surface, and x-ray diffraction spectrometry (XRD) and atomic absorption spectroscopy (AA) to study the bulk composition of the phosphor. Results of these analyses have shown that reprocessing has little effect on bulk chemistry, but it dramatically changes the phosphor's surface composition. A strong correlation between surface composition and lamp performance has been observed. ESCA has been extensively used in material characterization (2-7), but its application in phosphor study has been limited (8) (9) (10) . In this paper, we will illustrate the usefulness of ESCA in the study of divalent europium-activated barium magnesium silicate phosphors. The effects of processing treatments on the phosphor's surface chemistry and the relationship between results of surface characterization and lamp performance will be discussed.
Experimental
Detailed discussion of the phosphor preparation can be found in the Appendix. Barry's procedure (1) was followed *Electrochemical Society Active Member.
in preparation of the conventional divalent europium-activated barium magnesium silicate phosphor. Reprocessing was achieved through rewashing and/or retiring with or without flux. Procedures for rewashing and retiring are similar to the original washing and firing steps used in the phosphor synthesis. Rewashing was done in a KOH solution at 60~ for 2h. After KOH washing, the phosphor was repeatedly washed with deionized water until the pH wash was less than 10.0. The sample was then filtered and ovendried. Retiring was carried out in a 33% HJ67% N2 atmosphere at 1230~ for 200 min. When flux was used, ammonium fluoride (NH4F) was blended with the phosphor.
Lamp tests were performed on the materials to determine their worth as commercial products. A standard phosphor (Sr2P2OT:Eu) was included in each measurement as a control. The UV output in mW from 300 to 480 nm was recorded for each lamp at 0 and 100h of operation. Maintenance, which demonstrates a lamp's ability to preserve its output during operation, is defined as the ratio of the output at 100h to that at Oh. For each lamp, the output and maintenance were also compared to the control lamp and the differences (A) were calculated. The normalized h value is generally a better indicator for evaluating the lamp performance, because it has been corrected for differences in lamp processing conditions. ESCA analyses were carried out on a Physical Electronics Model 590 AM ESCA-SAM. Aluminum Ka (1486.6 eV) radiation from the dual anode source was used for excitation in ESCA studies. The spectrometer was operated at 15 kV and 300W and the base system pressure was below 5 • 10 9 torr. Binding energies were referenced to the Cls peak at 284.6 eV. Integrated peak areas were converted to atomic percentages using atomic sensitivities provided by Physical Electronics. The sputtering was carried out using a 3-keV Ar+ ion gun rastered over an area of 10 x 10 mm. Sputtering rate calibrated against Ta20~ at this condition is 5 A/min. X-ray diffraction results were obtained using a Rigaku D/Max automated diffractometer. Bulk composition was determined using a Perkin Elmer Model 5000 atomic absorption spectrophotometer.
